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Cell-free protein expression plays an important role in biochemical research. However, only recent
developments led to new methods to rapidly synthesize preparative amounts of protein that make
cell-free protein expression an attractive alternative to cell-based methods. In particular the wheat
germ system provides the highest translation efﬁciency among eukaryotic cell-free protein expres-
sion approaches and has a very high success rate for the expression of soluble proteins of good qual-
ity. As an open in vitro method, the wheat germ system is a preferable choice for many applications
in protein research including options for protein labeling and the expression of difﬁcult-to-express
proteins like membrane proteins and multiple protein complexes. Here I describe wheat germ cell-
free protein expression systems and give examples how they have been used in genome-wide
expression studies, preparation of labeled proteins for structural genomics and protein mass spec-
troscopy, automated protein synthesis, and screening of enzymatic activities. Future directions for
the use of cell-free expression methods are discussed.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Wheat germ extracts have been used for long in cell-free pro-
tein expression. Already in 1973, Roberts and Paterson described
an S-30 (30000g supernatant) extract prepared from commercial
wheat germ that efﬁciently translated RNA from tobacco mosaic
virus and the rabbit globin 9S RNA [1]. They noticed the advantages
of using an easily available starting material for rapid extract prep-
aration that allowed for RNA dependent protein synthesis even of
large polypeptides of over 50000 Daltons. Following the initial
work from Roberts and Paterson, others groups applied wheat
germ extracts to the translation of more RNA templates, where fac-
tors like for instance energy supply, extract concentration, sperm-
ine, pH, Mg2+ and K+ concentration were found important for
effective translation [2–4]. The wheat germ system could be fur-
ther improved by continuous supply of amino acids and energy
resources in combination with removal of inhibitory byproducts
[5] largely increasing the potential of all cell-free protein synthesis
methods in general [6]. While becoming widely used in biochem-
ical research following the initial publications [7], however, in
those early studies also limitations of the wheat germ extracts
were noticed like the higher RNase activity in the extracts ascompared to other systems [8], or the considerable variations in
extract activity between different batches of wheat germ [3,4].
Although the original wheat germ extracts had only limited protein
synthesis activity and were often instable, wheat germ extracts
proved very valuable for protein research. Therefore a highly
potent cell-free wheat germ protein synthesis system was devel-
oped in the last 15 years [9–11] that overcame all the limitations
of the earlier methods and can rapidly produce milligram amounts
of high quality protein. These wheat germ extracts with very high
translation activity are today often used in many applications such
as antigen production, determination of protein structures, or the
development of functional assays. This eukaryotic expression sys-
tem is suitable for the expression of both prokaryotic and eukary-
otic proteins and does commonly not require codon optimization
even for the expression of transcripts with a high A/T (e.g. Plasmo-
dium) or G/C (e.g. Thermophiles) content. Hence, the wheat germ
system is an attractive alternative to the many cell-based systems
used in protein production. The successful use of wheat germ
expression systems in many laboratories and large-scale projects
contributed to the general progress made in cell-free protein syn-
thesis and emphasizes that cell-free protein synthesis is today an
established technology with important applications in research,
applied science, and commercial processes [12–15]. Refer to Table 1
for an overall description of the wheat germ system and how it
compares to other commonly used cell-free protein expression
methods (Escherichia coli [16], Leishmania tarentolae [17,18], insect
Table 1
Comparison of different cell-free protein expression systems.
System Advantages Disadvantages
E. coli [16]  Established systems
 Tested for many proteins
 Low cost
 Easy to make extracts
 Very high translation speed
 Very high protein yield
 Genetic modiﬁcation of strains possible
 Recombinant system available (PURE)
 Many eukaryotic proteins insoluble
 No post-translational modiﬁcations
 Codon usage optimization is preferable
Leishmania tarentolae (LTE)
[17,18]
 Eukaryotic system
 Inexpensive
 Better solubility of expressed proteins as compared to E. coli
system
 Can produce ng to mg amounts of protein
 New system
 Tested for limited number of proteins
 Protein modiﬁcation not studied in this system
 Few references in the literature
Wheat germ  Well established system
 Tested for many proteins
 Best yield for eukaryotic system
 Very high solubility rate
 Synthesis of very large proteins demonstrated (200 kDa
range)
 Cap independent translation
 Commonly no codon optization needed
 Stable system allowing work with different additives
 Extract preparation time consuming
 Some background phosphorylation was observed in protein MS
studies
 No glycosylation
Insect [19]  Translation of large proteins
 Cap independent translation
 N-glycosylation possible
 Formation of disulﬁde bridges
 Used in combination with vesicles
 New system
 Lower protein yields than E. coli or wheat germ systems
 Higher cost
 Tested for few proteins
Rabbit reticulocyte [20]  Old but very well established system
 Tested for many proteins
 Mammalian system
 Cap independent translation
 Often used in research
 Treatment of animals required
 Sensitive to additives
 No glycosylation
 Co-expression of off-target proteins
 Hemoglobin concentration 90% of protein
Human [21]  Some protein modiﬁcation  Low yield
 Sensitive to additives
 Tested for limited number of proteins
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be further described in this review.
2. The wheat germ system
The Endo group at Ehime University in Japan was the ﬁrst to
investigate reasons for the instability of wheat germ extracts.
Based on their observation that RNA N-glycosidase tritin and other
inhibitors like thionin, ribonucleases, deoxyribonucleases, and pro-
teases are mostly derived from the endosperm, they developed a
protocol for the removal of endosperm contaminations from wheat
germs [9]. Extensive washing of wheat embryos yielded in stable
extracts having a very high translation activity. Applying such
wheat germ extracts, a general cell-free protein expression system
was ﬁrst established for high-throughput proteomics [10,22]. This
system further provided for an optimal expression vector (pEU,
[23]) and a special primer set for direct template preparation by
PCR (Fig. 1). Using the natural omega (X) translational enhancer
from tobacco mosaic virus, RNA transcripts could be prepared that
did not require 50- capping and a poly(A) tail for effective transla-
tion. It was rather found that the translation efﬁciency of a tran-
script was mostly dependent on the length of the 30-untranslated
region (1500 nucleotides are recommended) protecting the RNA
against degradation by 30 to 50 exonucleases. For increasing the
throughput of the system, expression templates having a SP6
RNA polymerase promoter can be directly prepared by a special
PCR method [10]. This method avoids unspeciﬁc expression from
primer artefacts or primer dimers, because the SP6 promoter
sequences are not part of a single primer, but are generated from
two primers in two consecutive PCR steps (‘‘Split Primer PCR’’).
By repeated supply of an mRNA template, protein translation in
this system could be maintained for 14 days to produce some9.7 mg of Green Fluorescent Protein (GFP) in 1 ml reaction volume
demonstrating the high stability of the translation machinery in
those wheat germ extracts [10]. Efﬁcient cloning systems for tem-
plate construction for the wheat germ system have been published
[24–26], and additional expression vectors for the wheat germ sys-
tem beyond pEU are available in the public domain [27]. An
improved omega (X) translational enhancer has also been
described for the wheat germ system, which better controls trans-
lational initiation [28], and there are procedures for achieving
higher yields working with pEU-originated templates on a high-
throughput [29]. Optimal translational enhancers for the wheat
germ system can be further selected using random sequences
and bio-evolutionary techniques [30,31]. Such an approach was
used to prepare the artiﬁcial enhancer in vector pEU01 [32], which
is frequently used for expressing proteins in the wheat germ
system.
Cell-free protein expression can be performed in so-called ‘‘cou-
pled’’ systems running RNA transcription and protein translation at
the same time in the same reaction mixture. The wheat germ cell-
free protein expression system, however, often uses two ‘‘linked’’
reactions, where in the ﬁrst step the RNA is prepared from a circu-
lar or linear DNA template using preferably the SP6 RNA polymer-
ase. As an alternative T7 RNA polymerase may be used as well [9],
although it can give lower yields than the SP6 RNA polymerase
when working with circular DNA templates. In the second step,
the RNA from the ﬁrst reaction is then utilized for protein transla-
tion (Fig. 1). Even though the linked reactions require more setup
and reaction time, only the separate reactions allow to do tran-
scription and translation under optimal reaction conditions, to eas-
ily setup complex translation reactions with multiple RNA
templates [33], and to use additives in the translation reaction
without interfering with transcription. It had been shown, for
Fig. 1. Outline of wheat germ protein expression system. Templates for protein expression can be prepared by cloning into expression vectors or by direct PCR ampliﬁcation.
Functional elements of the expression templates are indicated by: Orange = RNA polymerase promoter, green = enhancer, blue = expressed gene, grey = vector derived
sequences, red = selection marker on vector. In a ﬁrst step, RNA transcripts are prepared from a DNA template. If necessary multiple RNA templates can be prepared for the
preparation of multi-protein complexes. In a second step, the RNA template or multiple RNA templates are translated into protein or protein complexes. The protein structure
shown in the ﬁgure is a heterodimer assembled from two subunits co-translated in the wheat germ system using mixed RNA templates (⁄ X-ray Crystal Structure of the
Human Replication Protein A Complex from Wheat Germ Cell Free Expression, S.-I. Makino, E.S. Burgie, C.A. Bingman, B.G. Fox, G.N. Jr. Phillips, unpublished, http://
www.rcsb.org/pdb/explore.do?structureId=3KDF).
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400 enhance transcription efﬁciency by T7 RNA polymerase while
inhibiting translation in a wheat germ system [34]. Moreover, it
can be very helpful to freely adjust the reaction temperatures forFig. 2. Reaction formats for cell-free protein expression. (A) Batch protein expres-
sion reaction format. In the batch method all reagents are mixed and incubated
together for a limited period of time (commonly a few hours). (B) Bilayer protein
expression reaction format. The bilayer reaction is setup by ﬁrst placing the
reaction buffer into the reaction chamber. Because of the higher density of the
wheat germ extract, the wheat germ reaction mixture can be easily pipetted below
the reaction buffer to form two layers. During the diffusion controlled translation
reaction the two layers will mix continuously supplying substrates for the
translation reaction. Bilayer reactions can be customized by adding different
additives to the reaction buffer in the upper layer (e.g. detergents, labeled amino
acids) or the wheat germ reaction mixture in the lower layer (multiple RNA
templates, liposomes) to offer special reaction conditions for protein labeling and
the expression of membrane proteins. (C) Repeat-batch protein expression reaction
format. Translation reactions are setup like batch reactions with all reagents added
to the same reaction vial. However, the reaction vial has a membrane at the bottom
(indicated by ‘‘M’’ in the ﬁgure), and by centrifugation the reaction mix can be
pressed through the membrane to remove small molecular weight inhibitors from
the translation reaction. After the concentration step, new reaction buffer is added
to supply the translation reaction with fresh substrates. The concentration step has
to be frequently repeated to make this method effective. As an alternative, the
concentration step can be automated by applying pressure to press the reaction mix
through a ﬁlter from time to time followed by adding new reaction buffer and RNA
template (‘‘Filter-Feed Method’’). (D) Dialysis protein expression reaction format.
Protein translation reactions are setup like for a batch reaction and are then placed
in a dialysis cup as shown in the ﬁgure or larger dialysis cassettes (not shown).
Afterwards the dialysis cup or cassette is put into contact with a feeding buffer.
Through the dialysis membrane the translation reaction is continuously supplied by
fresh substrates from the feeding buffer, while small molecular weight inhibitors
are removed similar to the repeat-batch method.the translation reaction, because the optimal temperatures can
be different between the two reactions. Reaction temperatures
below the 37 C commonly used for the transcription step can
increase the yields of soluble proteins, where a temperature range
from 15 to 26 C often gives the best results. Conditions for the
translation reactions have further been reﬁned shifting away from
the rather inefﬁcient batch reaction format, which mixes all
reagents before starting the reaction. In the so-called ‘‘bilayer’’
reaction the substrate buffer is added on top of the translation mix-
ture forming two separate layers [35]. The two layers used in the
bilayer method allow for a diffusion controlled translation process
that can be maintained much longer than a batch reaction, which
will stop after a few hours depending on the wheat extract concen-
tration (higher wheat germ extract concentrations can shorten
reaction times). Maintained over up to 24 h, bilayer reactions are
yielding substantially higher protein yields than batch reactions.
Moreover, it is a ﬂexible format to screen different additives for
the translation reaction or to allow for dedicated reaction setups
for example for the expression of membrane proteins in the pres-
ence of liposomes. Bilayer reactions are easy to setup and can be
fully automated (see below) for effective protein synthesis and
screening of many different expression templates [36,37]. For pre-
parative protein preparations, however, various methods have
been developed to supply the translation reaction more effectively
with substrates and RNA template over an extended reaction time
than possible by a bilayer reaction; at the same time inhibitory
byproducts of the translation reaction are removed. These
approaches include for example the dialysis method [38] or
repeated ‘‘re-feeding’’ the reaction mixture using an automated
devise [36,39]. Refer to Fig. 2 and Table 2 for a comparison of dif-
ferent reaction formats and their protein yields obtained by wheat
germ cell-free expression. The protein yields in the table were nor-
malized for the same amount of wheat germ extract to demon-
strate the higher protein yields made possible by the continuous
or repeated supply of substrates and RNA template, and the
removal of inhibitory byproducts from the translation reactions.
In contrast to standard protein expression systems using bacte-
ria or cell lines from insects or of mammalian origin, cell-free pro-
tein expression is done in an open reaction format that allows for
easy changes of the reactions conditions. Therefore cell-free reac-
tion conditions can be optimized and easily adapted to the needs
Table 2
Protein yields per ml wheat germ extract obtained by different reaction formats (data for expression of crude GFP; the actual yields for re-feeding methods depend on reaction
conditions).
Method (GFP expression) Batch Bilayer Repeat batch Filter-feed Dialysis
Yield per ml wheat germ extract 1.6 mg 3.2 mg 8 mg 20 mg 20 mg
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conditions for the synthesis of disulﬁde-bridge-containing proteins
have been developed for the expression of a single-chain antibody
variable fragment (scFv) [40]. To stabilize the disulﬁde bridges,
reaction conditions used a reduced concentration of dithioreitol
(DTT, a redox agent) and a protein disulﬁde isomerase (PDI) was
added for the enzymatic formation of disulﬁde-bridges. Under
these conditions a soluble scFv protein was obtained and nearly
half of the protein strongly bound to its antigen. Another example
for demonstrating the advantages of an open expression system is
the use of different detergents, surfactants, peptides or amphipols
in the translation reaction. Those additives can largely improve the
solubility of proteins or prevent protein aggregation, and are there-
fore important to work on certain types of proteins. Refer to the
following references for examples on testing multiple detergents
for use in the wheat germ system [41–45]. In particular, NVoy
[46] and detergents of Brij-family (e.g. Brij-35) have been often
used successfully in cell-free expression experiments. The ability
to add detergents and other additives like for instance liposomes
and nanodiscs to cell-free expression reactions proved instrumen-
tal for the preparation of functional membrane proteins (see below
and [47]) that are otherwise difﬁcult to express in cell-based sys-
tems [48]. Moreover, open expression systems offer interesting
perspectives for the use of cofactors in translation reactions, as
for example demonstrated for the Flavin Mono Nucleotide
(FMN)-binding protein [49], and the addition of molecular chaper-
ones [50]. The presence of partner molecules such as prosthetic
groups, biomolecules, or other proteins during translation reac-
tions can assist protein expression and folding as shown for exam-
ple for the production of multi protein-complexes. The successful
co-expression of multiple proteins is supporting the idea of co-
translational folding during eukaryotic protein synthesis [51,52].
Refer to [36] for a description on how the human Replication Pro-
tein A Complex was prepared from two subunits co-expressed in
the wheat germ system using a mixture of individually prepared
mRNAs (the structure of the protein complex is shown as an exam-
ple in Fig. 1).
Wheat germ extracts are commonly prepared by protocols that
include a gel ﬁltration step on a G25 column [11]. This step removes
small molecular weight components including possible cofactors
for many enzymatic activities. The resulting wheat germ extracts
are therefore low on protein modifying activities, where no glyco-
sylation is observed in the translation reactions and protein phos-
phorylation is commonly absent in most cases. The lack of protein
modiﬁcation for proteins made in the wheat germ system can be
used to study protein modiﬁcation reactions, as for example done
for N-terminal myristoylation of different Arabidopsis thaliana pro-
teins [53], in vitro analysis of ubiquitination and polyubiquitination
[54], conducting high-throughput in vitro kinase assays [55,56], or
protein phosphorylation studied by a mass spectrometry-based
assay [57]. However, some enzymatic activities remain in thewheat
germ extracts and N-terminal methionine elimination has been
found in thewheat germ cell-free systemhaving the same sequence
speciﬁcity as the endogenous N-terminal processing machinery
[58]. An understanding of different enzymatic activities in the
extracts is of principle interest for doing protein labeling experi-
ments (see below) and studying protein modiﬁcation. For example
in phosphorylation studies on the autophosphorylation of kinases itis hard to distinguish between true autophosphorylation by the
kinase itself or background phosphorylation by remaining kinase
activities in the wheat germ extract.
A detailed protocol for the preparation of highly active extracts
from wheat embryos has been published [11]. However, the
extract preparation is complicated and takes some 4–5 days.
Therefore it may be preferable to use commercially available
wheat germ extracts to apply the wheat germ cell-free protein
expression system. There are also wheat germ extracts that were
pretreated on glutathione or metal-chelating resins to remove
unspeciﬁc binding proteins from extracts [11]. These pretreat-
ments enable higher purity of proteins having a His- [59] or GST-
afﬁnity tag [60] after afﬁnity puriﬁcation [61–63]. Moreover, a bio-
tinylated sortase self-cleavage puriﬁcation (BISOP) method has
been developed for the wheat germ system for improved recovery
of recombinant proteins from a streptavidin resin [64]. Other afﬁn-
ity tags as for example the Flag-tag and Strep-tag can be used in
combination with wheat germ expression system as well.
3. Application examples for the wheat germ system
The wheat germ cell-free expression system had been used for
long in biochemical studies and for small-scale protein expression.
However, with the improvements of wheat germ extracts and new
reaction formats described above, entirely new applications for
the cell-free system became possible that matched well with the
requirements of the new area of genome-wide research. Deep anal-
ysis of the transcriptome of key organisms like human [65,66],
mouse [67], and Arabidopsis [68], among others [69], led to large
cDNA collections providing at least one representative cDNA clone
for most genes. These cDNA collections are available to the commu-
nity to promote life science researchat large and to enable studies on
newly discovered genes [70]. Such transcriptome projects provided
for the ﬁrst time overviews on the number of coding genes in gen-
omes and the extent of gene expression. Most of the newly discov-
ered genes and the proteins they encoded, however, were
unknown and nomeans existed for a functional annotation of those
proteins by experimental means. The greatest bottleneck for any
systematic analysis of those protein functions was the need for a
uniﬁed protein expression platform to express as many proteins as
possible under the same reaction conditions. When screening for
optimal expression conditions on a high-throughput, proteins ﬁrst
of all have to be obtained in a soluble form to make them available
for further analysis and to use them for the preparation of basic tools
like for instance large antibody or binding molecule collections.
After screening protein expression conditions, the same expression
platform should hopefully also allow to obtain preparative amounts
of selected proteins. Cell-free protein expression platforms seemed
particularly useful for genome-wide protein expression studies
and structural genomics [71], because they offer easy and rapid
access to proteins directly from a cDNA template. No time-consum-
ing manipulations of cell systems are required, and different reac-
tion conditions can be tested at the same time to assure the
expressionof functional proteins. Therefore cell-freeproteinexpres-
sion systems are one of the underlying platform technologies often
used in proteomics and structural genomics projects.While proteins
may be expressed in bacterial or cell-based systems for large-scale
production, cell-free protein expression can always be used as a
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cessfully expressed in the wheat germ system can be synthesized
on a preparative scale usingmanualmethods or automated devises,
where protein yields of tens ofmilligrams are sufﬁcient for structure
analysis [36,38].
3.1. Human proteins
Access to wide range of high-quality, puriﬁed recombinant
human proteins is essential for structural and functional studies
that may also contribute to development of new diagnostic tests
and therapeutics. Therefore different protein expression methods
have been compared for their ability to provide good yields of sol-
uble protein, where for example the expression of a test set of 960
human full-length open reading frames (ORFs) was compared for
in vivo and in vitro expression in an E. coli system and the cell-free
wheat germ method [72]. The authors found that in the E. coli
in vivo system 40% of the proteins had been soluble. This could
be improved to 48% when using the E. coli in vitro method, which
still felt short of the 97% rate for proteins with a C-terminal His-
tag and 95% rate for proteins with an N-terminal His-tag found
in the wheat germ system. Although the study used fewer proteins
for expression in the wheat germ system than in the E. coli systems,
it still demonstrated the great potential of the wheat germ system
for providing a very high success rate for the expression of human
proteins. The high capacity for expressing human proteins in the
wheat germ system was further demonstrated by the results of
the ‘‘Human Protein Factory’’ project at the National Institute of
Advanced Industrial Science and Technology (AIST) in Japan [73].
The group generated 33275 human entry clones for the Gateway
cloning system (Life Technologies [74,75]) that comprised some
14862 unique clusters (covering maybe approximately 70% of
the human genes according to their estimation). After comparing
the expression of a test set of 50 different proteins using the wheat
germ cell-free system, in vivo and in vitro E. coli systems as well as
DM2 and CHO cells, they selected the wheat germ system as the
most suitable choice for a comprehensive protein expression study,
because of its high protein yields and easy use. Using their collec-
tion, they tried to express 13364 human proteins (9351 clusters),
out of which 12996 clones (97.2%) produced protein in the wheat
germ system. Moreover, out of those expressed proteins 12682
(97.6%) were found in the soluble fraction after spinning the
expression reactions at 19000 rpm for 20 min. Using a GST-afﬁnity
tag puriﬁed proteins could be prepared at a very high throughput
using bilayer reactions. Certain proteins were further evaluated,
where they found 58 out of 75 phosphatases (77%) had biological
activity. In addition, they could produce cytokines having disulﬁde
bridges by adjusting the DTT concentration in the translation reac-
tions and adding a protein disulﬁde isomerase. In this way they
expressed and analyzed tumor necrosis factor-a (TNF-a), inter-
feron-ß (IFN-ß), and oncostation M (OSM). Having the ability to
produce large numbers of human proteins in the wheat germ sys-
tem, they expressed 13277 human proteins as GST-fusions for pro-
tein microarray preparation. Although they could detect protein in
99.86% of the positions, the protein yields on those spots were
extremely variable. This still enabled the authors, however, to print
protein arrays on glass slides that were tested with antibodies
against phosphotyrosine and mouse immunoglobin gamma 1
(iGg1) as a control. Out of 29 tyrosine kinases on the array, 7 pro-
teins showed robust staining with the anti-phosphotyrosine anti-
body indicating that those kinases could be autophosphorylated
(EPHB1, FYN, BMX, WEE1, PKMYT1, FGFR2, and HCK). The results
of the ‘‘Human Protein Factory’’ project are available in the public
Human Gene and Protein Database (HGPD) at http://www.hgpd.jp,
which includes SDS page images of expressed proteins [76]. Data
on a set of full-length human proteins expressed in an in vivoE. coli system and the cell-free wheat germ system were statisti-
cally analyzed [77], and a computational approach was developed
to estimate from the nucleotide or amino acid sequence the prob-
ability for obtaining soluble protein from each system [78]. The
ESPRESSO tool is available online at http://mbs.cbrc.jp/ESPRESSO/
TopPage.html including their results on the data from HGPD. The
authors predicted on a genome-wide scale for the E. coli system
that 30.7% of the E. coli proteome and 35.5% of the human prote-
ome could be in the soluble fraction. For the wheat germ system
much higher solubility rates were predicted with 96.7% of the
E. coli and 90.9% of the human proteins being potentially soluble
after expression. Protein solubility in the wheat germ system
may be theoretically further controlled by so-called data-driven
designed tags (DDTs) [79] developed by the same group.
Other studies used large numbers of human proteins expressed
in the wheat germ system as well. DNA-binding proﬁles for 34
human nuclear hormone receptors were analyzed by ﬂuorescence
correlation spectroscopy [80], or the substrate speciﬁcity of the
human Src kinase family was studied in vitro by individually incu-
bating 11 human Src kinase family members with 519 substrate
proteins prepared by the wheat germ system [55]. Other projects
used human proteins expressed in the wheat germ system for
characterization of autoantibodies in sera from cancer patients,
doing dot-blot analysis on bladder cancer samples [81], or using
a library comprising 2183 genes to prepare biotinylated proteins
for serum antibody detection in pancreatic cancer samples by the
AlphaScreen method [82,83]. In particular the combination of N-
terminally biotinylated protein libraries produced by the wheat
germ system [84] with the AlphaScreen method [83] is an attrac-
tive approach for studying protein interactions [85], or being used
in compound screens.
3.2. Arabidopsis
The wheat germ expression system has been further used in the
analysis of plant proteins utilizing full-length cDNA clones from the
RIKEN Arabidopsis clone collection [68]. Starting directly from
E. coli cultures, templates for the expression of 439 kinases were
prepared by Split PCR, and the synthesized proteins were analyzed
for autophosphorylation [86]. In these experiments 207 proteins
showed autophosphorylation activity. For an additional 7 out of
26 calcium-dependent protein kinases calcium dependent kinase
activity could be demonstrated. In a later study a screening assay
for substrate identiﬁcation for the calcium dependent kinase
CPK3 was developed [87]. In a different study, 705 templates for
transcription factors from Arabidopsis were prepared again by Split
PCR, and subsets of the resulting proteins were tested for DNA bind-
ing [88]. The wheat germ system had been further evaluated at the
Center for Eukaryotic Structural Genomics (CESG) within the
Department of Biochemistry at the University of Wisconsin-Madi-
son (USA) for use in structural studies on Arabidopsis proteins,
where it showed clear advantages for NMR-based structural pro-
teomics studies as compared to an in vivo E. coli system [89].
3.3. Malaria research and vaccine development
Development of vaccines for protection against infectious dis-
eases is of key importance for public health care. The prevalence of
many infectiousdiseases is inparticular a great burden for thedevel-
opingworld aswell illustratedby the example ofmalaria that causes
every year some estimated eightmillion casesmostly in 52 endemic
countries. The WHO estimated about 3.3 million malaria deaths
between 2001 and 2012 according to the World Malaria Report
2013 (http://www.who.int/malaria/publications/world_malaria_
report_2013/en/), although it was possible to reduce the total num-
ber of incidences by increasing ﬁnancial support for malaria control
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reduce patient numbers and to block transmission of the parasite
[90]. Despite of large efforts for developingmalaria vaccines, the dif-
ﬁculty to express proteins from the A/T rich Plasmodium genes in
E. coli or cell-based systems was limiting studies on vaccine candi-
dates. However, the wheat germ system proved to have the ability
to express many malaria proteins in a soluble and biological active
form as recently reviewed in more detail [91,92]. This is offering a
new way to analyze many more proteins for development of vac-
cines and new therapies against malaria. Also antibody proﬁling
approaches with a large number of Plasmodium proteins are now
feasible to study antigenicity of malaria proteins on a proteome-
wide scale [91]. Similarly, wheat germ cell free expressionwas used
at the Seattle Structural Genomics Center for Infectious Diseases
(SSGCID) to express proteins from eukaryotic and prokaryotic
organisms that could not be produced in E. coli [46]. In another
example, thewheat germsystem in combinationwith an automated
protein synthesizerwas used to produce full-length hemagglutinin-
neuraminidase (HN) from the human parainﬂuenza virus type 3
(HPIV3) [93]. After encapsulation into oligomannose-coated lipo-
somes as a natural and non-toxic antigen delivery system the pro-
tein was successfully tested in the development of a nasal vaccine
againstHPIV3. Furthermore the non-structural (NS)multifunctional
proteins NS3 and NS5 from dengue virus (DENV) were expressed in
the wheat germ system as enzymatically functional proteins and
used to screen for binding partners by the AlphaScreen method
[94]. Such an assay system could be of further value to screen for
new antiviral agents [95] or to monitor the effect of mutations in
viral proteins. Vaccine development will certainly further beneﬁt
from future developments for the preparation of virus-like particles
by cell-freemethods as already achieved in E. coli and yeast systems
[96]. As outlined below, cell-free preparation of virus-like particles
allows for bioconjugates and surface functionalization to increase
stability and antigenicity of vaccines [97].
4. Beneﬁts using an open expression system
Many developments in cell-free protein expression have
focused on the open nature of the systems, which allows a much
easier use of additives in translation reactions. This offers effective
means for protein labeling and modiﬁcation by random or targeted
incorporation of labeled, modiﬁed, or even entirely unnatural
amino acids.
4.1. Structural Genomics, NMR and crystallography
As outlined above, structural genomics projects include large-
scale protein expression screens requiring common expression
platforms for large-scale, high-throughput protein expression with
the ability to scale-up the reaction format to prepare sufﬁcient
amounts of protein for functional analysis and to determine pro-
tein structures. For proteins selected for determining the structure
by NMR, however, there is the additional need to effectively incor-
porate labeled amino acids in all positions or in a selective and spe-
ciﬁc manner. Protein NMR experiments require isotopic labeling
commonly using carbon-13 and nitrogen-15 labeled amino acids
for example to record triple resonance experiments. Similarly,
the incorporation of selenomethionine (Se-Met or SEM) instead
of regular methionine into the protein can help to solve the phase
problem in X-ray crystallography doing protein structure determi-
nation by multi-wavelength anomalous diffraction (MAD). The efﬁ-
ciency for incorporating labeled amino acids in cell-free systems
depends on the activity of amino acid metabolizing enzymes in
the translation reactions. The dilution of the labeled amino acid(s)
caused by amino acid synthesis should be avoided to achieveuniform and effective protein labeling. So-called ‘‘scrambling’’
occurs when labeled amino acids are the precursor for the synthe-
sis of other amino acids leading to a dilution of the label and
spreading to other, undesired, amino acids. In wheat germ extracts
metabolic activities are commonly low or can be inactivated, and
the system is successfully used for effective preparation of labeled
proteins in protein NMR studies [98–100] yielding very high incor-
poration rates. Furthermore, a method for incorporation of deuter-
ated amino acids has been described [101], and the approach has
been successfully applied to solid-state NMR studies [102]. Also
the larger protein requirements for X-ray crystallography can be
addressed by the wheat germ system, where automated protein
synthesizers are useful devices to prepare multi milligram
amounts of high quality protein [36,39] with the possibility to
incorporate selenomethionine. In the Protein Data Bank (http://
www.rcsb.org/pdb/home/home.do) examples for protein struc-
tures solved by protein NMR or X-ray crystallography can be found
that used proteins prepared by the wheat germ system. Detailed
protocols are available for the preparation of proteins in the wheat
germ system to do structural analysis [36,38,103].
4.2. Protein MS
The methods developed for preparing isotopically labeled pro-
teins in NMR studies can also be applied to protein mass spectrom-
etry (MS) techniques. To speciﬁcally detect and quantify proteins
or entire sets comprising multiple proteins over various samples
requires predetermined reference proteins with known fragmenta-
tion patterns that can be detected and distinguished from the
native protein(s) in the sample in a mass spectrum [104,105].
The ‘‘Full-Length expressed stable isotope-labeled proteins for
Quantiﬁcation’’ or FLEXIQuant method uses the wheat germ sys-
tem to rapidly prepare soluble protein standards that are tagged
by a peptide (FLEX-peptide) and labeled by incorporation of [13C,
15N]-Arginine and [13C, 15N]- Lysine [106]. The unique FLEX-tag is
used to quantify the concentration of the heavy protein standard.
Labeled standards are then added to the biological samples, so that
the standard is co-puriﬁed (e.g. by immunoprecipitation), digested,
and analyzed along with the native proteins in the sample. Ratios
between peak pairs of native and heavy labeled proteins allow cal-
culating the abundance of proteins. Since the standard and the tar-
get protein in the sample are treated together throughout the
process, puriﬁcation and processing artefacts are reduced to a min-
imum. This is very important to assure the accuracy of the exper-
iment. Moreover, the use of full-length proteins as standards
provides in most cases multiple peptides per protein to widen
the scope of the analysis. Therefore it was possible to combine
the FLEXIQuant method with a kinase assay to study multikinase
substrate phosphorylation (FLEXIQinase method) [107]. As an
example, the FLEXIQuant strategy has been used to study post-
translational modiﬁcations of KIFC1 during the cell cycle [108]. A
detailed protocol to perform FLEXIQuant experiments has been
published [57]. Using an E. coli based cell-free expression system,
it was recently shown that protein standards can be prepared with
a His-tag for direct capturing on beads for high throughput protein
domain identiﬁcation [109]. Such a system would be suitable for a
fully automated process (see below) and could make use of other
cell-free expressions systems as well to increase the throughput
of standard preparation.
4.3. Unnatural amino acids
The pool of naturally occurring amino acids restricts our possi-
bilities to explore new approaches to protein design and synthetic
biology. Therefore unnatural amino acids have been synthesized to
2768 M. Harbers / FEBS Letters 588 (2014) 2762–2773provide wider control over chemical structures in proteins [110].
Unnaturally amino acids can improve organism selectivity and
potency of synthetic peptides as well as increase their metabolic
stability [111]. The site-speciﬁc conjugation with polyethylene gly-
col (PEG) attached to the human growth hormone was achieved by
incorporation of p-acetylphenylalanine. The mono-PEGylated
human growth hormone demonstrated favorable pharmacody-
namics properties in animal studies and humans [112]. This ﬁrst
prove of concept study could guide similar approaches to stabilize
other therapeutic peptides and proteins in the future.
Site-speciﬁc incorporation of unnatural amino acids into pro-
teins requires an extension of the genetic code, which can be
achieved by reprogramming one of the stop codons, by a four-
base codon or by introducing artiﬁcial base pairs [113]. In addi-
tion, new aminoacyl tRNA synthetases are required to covalently
attach the unnatural amino acid to the appropriate tRNA having
the matching anticodon to the codon selected to extend the
genetic code. To implement such a system in a living cell requires
extensive modiﬁcations of the organisms (refer to [114] for an
example on an E. coli strain), whereas in contrast to in vivo sys-
tems cell-free systems can be easily adopted for incorporation
of unnatural amino acids. The use of unnatural amino acids has
been mostly studied in E. coli systems, where commonly an
orthogonal amber suppressor tRNA synthetase is added to the
translation reactions in combination with the unnatural amino
acid. Using wheat germ cell-free expression systems, 3-azido-L-
tyrosine had been incorporated into the FMN-binding protein
from Desulfovibrio vulgaris [115], and site-speciﬁc ﬂuorescence
labeling of proteins was demonstrated by p-azido-L-phenylala-
nine incorporation followed by Staudinger ligation with azide-
reactive dyes [116]. In particular the azide-alkyne-based click
chemistry is an attractive possibility for site-speciﬁc protein
modiﬁcations as already demonstrated for surface-functionaliza-
tion of virus-like particles [97], production of site-speciﬁc anti-
body-drug conjugates [117], or use in glycobiology [118].
Unnatural amino acids hold great promises for future directions
in protein design, as well as many technical and medical applica-
tions. Certainly cell-free protein expression methods will take
part in these developments.
4.4. Membrane proteins
About a third of all protein coding genes in plants and higher
organisms encode for membrane proteins, and because of their
fundamental functions in the cell as enzymes, transporters, chan-
nels, and receptors they are the largest class of drug targets
[119]. However, working with membrane proteins had been difﬁ-
cult and therefore structural analysis of membrane proteins fell
far behind the progress made for other protein groups in structural
genomics projects. In addition, there is a great need to develop
functional tests for membrane proteins to further expand their
potential as drug targets.
In eukaryotic cells nature can physically separate the place of
protein synthesis and folding, including formation of disulﬁde
bridges and protein modiﬁcation, by expressing proteins into the
endoplasmic reticulum(ER). Therefore the cytosolic site of the rough
ER is covered with active ribosomes that express proteins having a
signaling peptide to guide binding to the translocon and expression
into the lumen of the ER or membrane incorporation. Although the
ER has been removed from wheat germ extracts, this can be mim-
icked by re-adding microsomes (artiﬁcial vesicles obtained from
remaining pieces of the ER after cell disruption) or liposomes (artiﬁ-
cial vesicles formed by lipid bilayers) to the translation reaction. The
need for a signaling peptide for import of a protein intomicrosomes,
processing of the signaling peptide, and N-glycosylation were earlyon demonstrated in reconstitution experiments using wheat germ
extracts and animal microsomal membranes from dog pancreas
[120–122]. Growing proteins were extruded with the N-terminus
ﬁrst through the ER membrane and glycosylation occurred within
the lumenof themembranes, indicating that thewheat germsystem
could be a promising resource for studyingmembrane proteins. Fol-
lowing those early experiments, cell-freeprotein expression is today
set to overcome many of the problems experienced for working on
membrane proteins and cell-based expression systems. Different
protocols have been developed to express membrane proteins in
the presence of liposomes, microsomes, nanodiscs, or detergents
[123].Most commonly asolectin from soybean (a phospholipidmix-
ture) is used to prepare liposomes for use in thewheat germ expres-
sion system. After completion of the translation reaction,
proteoliposomes containing the expressed membrane protein can
be easily puriﬁed by a centrifugation step from the wheat germ
translation reactions [124] and directly used in functional analysis
of themembraneprotein as for example shown for Shakerpotassium
channels [125]. Besides the Shaker ion channels, the phosphoenol-
pyruvate/phosphate translocator 1 (AtPPT1) [43], adenine nucleo-
tide transporter Ant1p [126], and many different proteins with
enzymatic activity have by now been prepared by the wheat germ
system upon addition of liposomes [44,127–129]. Moreover, deter-
gents can be directly used in the translation reaction to prepare sol-
ublemembraneproteins. Refer to the publication on the synthesis of
curdlan synthase for more information on the use of different lipids
and detergents in wheat germ system [44]. A detailed protocol on
the use of liposomes in bilayer reactions in combination with the
wheat germ system is available [38], and additional protocols are
available based on the work on plant membrane proteins that use
the wheat germ system in combination with liposomes, detergents,
or include modiﬁcations to enable N-myristoylation for anchoring
the protein into membranes [126]. Refer to the work on the cal-
cium-dependent protein kinase AtCPK5 from Arabidopsis for more
information on studying myristoylation using in vitro expression
in a wheat germ system and in vivo analysis of subcellular protein
localization [130]. The authors indicate that the speciﬁcity of plant
N-myristoyltransferases could be different from the better studied
enzymes in fungi and animals. This has to be taken into account if
non-plant proteins should be myristoylated during expression in
the wheat germ system.
5. Automation and robotic protein synthesis
Cell-free protein expression systems do not require compli-
cated procedures for cell manipulation and maintenance. Because
of the much easier setup compared to cell-based systems in vitro
reactions can be fully automated using pipetting robots in combi-
nation with reaction chambers. This has been demonstrated for
the wheat germ protein expression system where different com-
mercially available protein synthesizers have been used in pro-
tein expression screening and large-scale protein production
[36,39]. These instruments can perform small-scale expression
reactions on large throughput (384 reactions per run) or pursue
large-scale protein production providing hundreds of milligrams
of protein from re-feeding experiments. In particular for a cost
effective screening of many proteins or testing multiple reaction
conditions standard robotic platforms should be easily program-
mable to perform cell-free protein expression reactions that could
be combined with tag-based afﬁnity puriﬁcation steps. Depend-
ing on the workﬂow, it can be imagined to use the same robotic
platform to perform all basic steps from DNA template isolation
or preparation by PCR, setup of a transcription reaction, setup
of a translation reaction, protein puriﬁcation using an afﬁnity
tag, to the ﬁnal activity testing.
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opment of new detection systems. While already many such sys-
tems have been developed for DNA analysis [131], microﬂuidic
systems are still standing at the beginning for use of cell-free protein
synthesis approaches. A combination of microﬂuidics with cell-free
protein expression has its interests, where the shelve life of devices
could beneﬁt from the higher stability of DNA templates as com-
pared to proteins. Hence sensitive proteins could be prepared on
the devise just before use avoiding loss of protein function over long
termstorage.While stabledevises canbeprepared, however, theuse
of such devises would still require the preparation of stable, for
example lyophilized, translation extracts and RNA polymerases to
make the entire system suitable (refer to [132] and references in
there for more information on a lyophilized cell-free E. coli expres-
sion system). On-chip protein synthesis has been demonstrated,
for example, for biosensor applications [133]. Here the DNA tem-
plate was stored in a reaction chamber. To start protein synthesis,
the transcription and translation reagents were added and the pro-
tein synthesis was performed in a batch reaction. The proteins of
interest had an afﬁnity tag that was used to capture the synthesized
proteins and to ﬁx them to the detector site, where they could be
applied in detection reactions. Using the possibilities of a microﬂu-
idic devise, the buffer within the detection chamber can be
exchanged for protein puriﬁcation, addition of cofactors, or other
steps required for example to perform immunoreactions, binding
reactions, ormeasuring enzymatic activities. In a different example,
DNA templates were attached to magnetic beads to move them in
and out of cell-free protein expression reactions for the synthesis
of different proteins in the same reaction mixture [134]. Since the
reaction times in this system are freely controllable, different pro-
tein concentrations can be achieved as maybe desirable for the for-
mation of protein complexes. Optimized reaction formats for
miniaturized array devises for cell-free protein synthesis have also
been studied already [135]. It is interesting to speculate howmicro-
ﬂuidic devises could be combinedwithmembranes like for instance
in nanodiscs to separate the place of protein expression and protein
harvesting in a similarway as nature does in the ER. In such a system
proteins could be expressed through amembrane and obtained in a
‘‘puriﬁed form’’ without any background proteins from the transla-
tionmixture. The ‘‘pure’’ proteins could then be utilized on the same
microﬂuidic devise in various assay formats for detection or func-
tional analysis.
6. Perspectives
It is tempting to think that a plant expression system would be
most suitable for working on plant proteins. However, the success-
ful expression of many different proteins of prokaryotic and
eukaryotic origin in the wheat germ system demonstrates that suc-
cessful protein expression depends rather on type of protein in
question than on the organisms from which the protein had been
derived. One may argue further that expression in a ‘‘matching
expression system’’ gives ‘‘correct’’ protein modiﬁcation, but also
this assumption is questionable because essentially no cell-based
or cell-free system can match the natural environment of a speciﬁc
cell, tissue, or developmental stage in a biological system that has
to be mimicked by the expression system for a ‘‘perfectly correct’’
protein modiﬁcation pattern. Therefore the true task is to adapt or
modify an expression system in such a way that it can prepare
functional proteins including the option to perform some desired
protein modiﬁcations. In case of the wheat germ system, it will
not be feasible to modify the organism by changing the genetic
background for adding or removing enzymatic activities. Therefore
the focus for future developments has to be on a better
understanding and characterization of the protein modifyingactivities in wheat germ extracts. A full understanding of the back-
ground activities in the extracts will help to prepare standardized
extracts with predictable protein modiﬁcation patterns and con-
trolled amino acid metabolism [136]. Then it has to be considered
which enzymatic activities in the wheat germ extract could be use-
ful for targeted protein modiﬁcation. Examples for the use of
intrinsic activities within wheat germ extracts for protein modiﬁ-
cation are N-terminal methionine elimination [58] or the N-myri-
sylation of proteins [53] used for anchoring proteins on
membranes [126]. The use of liposomes or detergents for the
expression of membrane proteins [126] is another example on
how the open nature of the cell-free expression reaction can be
used to optimized protein expression for a certain group of pro-
teins. In the future, more work has to be done for targeted protein
modiﬁcations not yet possible in the wheat germ system. This
could include for example the addition of microsomes to form
hybrid systems that could possibly perform N-glycosylation of pro-
teins [120–122]. Similarly, certain protein kinases could be added
to the translation reactions, where earlier studies have already
shown that proteins expressed in wheat germ system can be sub-
strates for protein kinases [55] or are autophosphorylated [86].
Another interesting approach will be protein modiﬁcation by selec-
tive incorporation of unnatural amino acids that are already mod-
iﬁed derivatives of naturally occurring amino acids or that can be
modiﬁed in a chemical reaction after protein synthesis. The use
of unnatural amino acids furthermore allows the production of
entirely new classes of protein conjugates as for example already
demonstrated for the cell-free production of antibody-drug conju-
gates in an E. coli system [117]. Unnatural amino acids in combina-
tion with other approaches to protein engineering will be in the
future an important driver for biotechnical processes and technol-
ogy development. Already today, cell-free protein expression can
be used in protein engineering platforms as for example shown
by the discovery of an improved EGF agonist in an in vitro screen
[137].
For production of pharmaceutical proteins the goal is to have
highly deﬁned systems for standardized protein production under
reproducible conditions. This may be achieved by working with a
fully reconstituted system that is composed of puriﬁed compo-
nents. Such a recombinant cell-free protein expression system
was achieved for E. coli [138], but it would be much harder to pre-
pare the same for more complex eukaryotic systems. Therefore in
eukaryotic systems, monitoring and control of individual enzy-
matic activities will be important for the preparation of functional
proteins under controlled conditions. Certain enzymatic activities,
not present in the basic extracts, could be added or reactivated by
the addition of cofactors leading to a system that should provide
‘‘programmable options’’ to assure the expression of functional
proteins having the desired modiﬁcations.
As outlined above cell-free protein expression is a powerful
alternative to in vivo systems for large-scale protein expression
studies, e.g. as made possible by the availably of large cDNA clone
collections from genome-wide projects. Even after the end of clas-
sical cDNA cloning projects we keep on discovering new coding
genes today commonly by high-speed sequencing of entire gen-
omes and shotgun sequencing of mRNA pools by RNAseq methods.
It is a great challenge to analysis the function of all those genes,
where for most of them no functional proteins have been prepared.
In addition, with the new high-speed sequencing methods we no
longer prepare cDNA templates that would allow us to directly
study the transcripts. The lack of the original cDNA templates used
in the old sequencing experiments brings the risk to work with
false templates based on computational assemblies of short
sequencing reads. While one may ignore the sequencing errors
and assembly mistakes in the template while screening for new
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are needed to assure working with accurate and biological mean-
ingful templates in protein expression. This is particularly true,
when working on splice variants and closely related gene family
members. Technically, the problem could be addressed by prepar-
ing full-length cDNA pools for RNAseq experiments that can later
be used for PCR ampliﬁcation of target transcripts. Alternatively,
the very long sequencing reads for example on a PacBio instrument
[139] or other coming sequencing devises may allow us in the
future to obtain accurate full-length sequences on individual tran-
scripts covered by single sequencing reads. Such long reads can be
further used in a hybrid method combining very long sequencing
reads with the higher coverage by shorter reads [140]. Hopefully
those methods will provide trustworthy sequences for preparing
protein expression templates by gene synthesis. These approaches
will be very important, because they stay at the very beginning of
any process to discover new protein functions when annotating
sequencing results. All such functional annotations of protein
coding sequences will require protein expression platforms as
the key step to enable protein research and commercial product
development.
Functional screens on protein activities required that the pro-
teins prepared by the expression system are indeed fully ‘‘func-
tional’’. Although the wheat germ system was able to express
many kinds of proteins in high throughput studies [73], most of
those proteins had not been tested for their functionality. This
may be sufﬁcient to prepare for example antigens for antibody pro-
duction or to determine full-length protein expression, but use in
protein annotation will require additional testing of the proteins.
An example for screening for new protein activities is the use of
the wheat germ cell-free protein expression system for the combi-
natorial discovery of new enzymes from Clostridium thermocellum
genes for biofuel production [37]. The authors tested ﬁrst the
wheat germ extract for the enzymatic activities they wanted to
analyze in their assays before setting up their screening process.
Since the wheat germ extract lacks enzymatic activities for hydro-
lysis of polysaccharide substrates, and a low-level glucosidase
activity could be inactivated by heat treatment, the wheat germ
system allowed them to study new enzymes on a ‘‘background-
free’’ system combining robotic cell-free protein synthesis with
combinatorial testing of synergistic enzymatic activities. Another
example for future developments is the identiﬁcation of essential
genes in Burkholderia pseudomallei, a pathogenic gram-negative
bacterium, by mutagenesis in combination with high-speed
sequencing. After computational selection target proteins were
prepared in E. coli for structural analysis and further development
of drug candidates [141]. We will see more such studies now that
high-speed sequencing methods can easily identify mutations and
related phenotypes. Those mutations have to be tested to conﬁrm
their impact on protein functions offering new applications for
rapid protein expression systems.
In line with the forgoing examples, the cell-free wheat germ
protein expression can be a very powerful tool for screening many
different proteins, as for example needed for engineering new pro-
tein activities or the development of new pharmaceutical proteins
[14]. However, the wheat germ system has not been scaled up to
the levels needed for industrial protein production. For an E. coli-
based cell-free protein expression system this was already possi-
ble, where expression conditions were pushed from high-through-
put screening experiments to the scale needed for clinical
application [142]. In this system proteins are expressed in up to
100 l batch reactions in a 200 l fermenter, and the reaction could
be maintained over 10 h [143]. Since E. coli extracts are cheap to
prepare, batch reactions are probably the best way to easily scale
up the reaction conditions, even though batch reactions cannot
be maintained for long reaction times. Yet, when more expensiveextracts are used in preparative protein production a dialysis-
based approach or another re-feeding method would be preferable
to make best use of the high and prolonged activity of a wheat
germ extract; in the original publication of the wheat germ system
a reaction of up to 14 days had been described [10]. Therefore a
wheat germ based production system could be envisioned that
works rather like a reactor continuously supplied with substrate
producing proteins over an extended period of time. In such a sys-
tem the cost would no longer be determined by the extract only
but would rather shift to the cost for supplying the translation
machinery with substrate and template RNA. It will be important
to balance the cost for the extract, possible additives, the feeding
buffer, and other technical requirements to see whether large-scale
cell-free protein production makes economic sense. The possibility
to prepare unique proteins having for example unnatural amino
acids using a plant system that is essentially endotoxin free, how-
ever, could have interesting prospects. The great efﬁciency of the
translation machinery in today’s wheat germ extracts makes such
reactions possible and promises many more attractive applications
for the use of cell-free protein expression in research, product
development and protein production.Conﬂict of interest
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